This study focuses on gasification technology of carbonaceous materials in molten carbonates since this gasifier can gasify those fuels catalytically and in-situ clean up the gasified gas at high temperature simultaneously. This gasification system has such advantages that alkali metal compounds have catalytic function for the gasification reactions, the molten alkali compounds can absorb sulfur compounds and the molten media can capture ash and un-reacted particles produced. The molten carbonate employed in this study is an eutectic salt with the compositions of 43 mol% Na 2 CO 3 and 57 mol% K 2 CO 3 . CO 2 is selected as a gasification agent. Before the gasification experiments, the optimum gasification and desulfurization temperature is evaluated by the chemical equilibrium calculations. Fundamental gasification and desulfurization experiments were conducted, by using an electrically heated reactor. As a result, the main compositions of the gasified gas are CO, H 2 and CH 4 . H 2 S and COS gases in the product can be absorbed almost completely by the molten alkali carbonates. These results suggest that this gasifier can gasify the carbonaceous materials and desulfurize even at high temperature inside the furnace simultaneously.
Introduction
Recently, we are facing to the global environmental problems, especially for global warming caused by fossil resources utilization. In order to solve those global issues, highly efficient and ecological energy conversion technologies for the fossil resources have been required. Currently, a triple combined cycle power generation system with gas turbine, steam turbine and high-temperature fuel cells such as Molten Carbonate Fuel Cells (MCFC) or Solid Oxide Fuel Cells (SOFC), which is called IGFC (Integrated coal Gasification Fuel Cell combined cycle), has been under development as one of the clean coal technologies to produce synthetic fuel gases (1) . In this system, in order to introduce the gasified gas into the gas turbine and the fuel cells, sulfur compounds, nitrogen compounds, trace elements and particulate matters must be removed almost completely. Therefore, treatment of precise gas purification is necessary. Especially, the sulfur compounds will give negative effect on the fuel cells. It was reported that H 2 S concentration in the gasified gas must be less than 0.5 -1 ppm for the MCFC (2) (3) . To achieve this level in the IGFC system, a low-temperature wet-type gas purification process has been adopted in the current IGFC system. However, there are some units to remove particulates, sulfur and nitrogen compounds in this process. It will cause significant heat loss, so that the overall thermal efficiency of the system can be depressed. Based on the above-mentioned reasons, a simultaneous system of both gasification and gas-purification is proposed, using molten alkali carbonates, in this study. Figure 1 shows the system concept. Compositions of the molten carbonates employed is 43 mol% Na 2 CO 3 -57 mol% K 2 CO 3 , which is an eutectic salt. In the gasifier, partial combustion by oxygen or air is occurred first in order to provide heat source to keep high temperature for the gasification reactions and the molten state of alkali carbonates and to generate the gasification agents for subsequent gasification reactions. After that, the generated gasification agents react with carbon substances to produce CO and H 2 . The characteristic of this system is i) the alkali metal carbonates play a role for the gasification catalyst (4)- (6) , ii) they can also capture H 2 S and COS in the gasified gas directly (7) and iii) the ash particulates can be captured in the liquid phase. On the other hand, there are some issues to solve for the practical use of this system, which are selection of furnace material, removal of ash particulates, regeneration of the used molten carbonates and so forth. Considering those advantages of this gasification system, fundamental characteristic of gasification and desulfurization in the gasification process were studied experimentally by using an electrically heated lab-scale furnace. Coal and woody biomass were used as samples of carbonaceous material. In order to study the fundamental characteristic of gasification, pure CO 2 was supplied as the gasification agent. Prior to the experiments, chemical equilibrium calculations for the molten alkali carbonates were carried out to determine the optimum gasification temperature for the experimental condition. 
Experimental Apparatus and Procedures
A schematic diagram of the molten carbonates gasifier used in this experiment is displayed in Fig. 2 . Main structure of this apparatus consists of a table feeder for supplying the solid sample, a gasification furnace equipped with electric heaters, a gasified gas sampling section and a gas analyzing section. Feeding rate of the solid sample is carefully measured and continuously supplied by the feeder through a feeding pipe. CO 2 as the gasification agent is also continuously supplied with the solid sample. The CO 2 flow rate is controlled by a mass flow controller. In the molten alkali carbonates, the supplied sample will adhere to CO 2 bubbles, thus the gasification reaction occurs to produce CO and H 2 . The generated gas is periodically collected by a tetra bag, and CO, H 2 and CO 2 are analyzed by a gas chromatography with a thermal conductivity detector (TCD-GC). CH 4 is analyzed by a flame ionization detector, and both H 2 S and COS are analyzed by a flame photometric detector. During the gasification experiments, 2 thermocouples are installed outside the furnace wall to control the desired furnace temperature. Around 3.5 kg of alkali carbonates are packed in the furnace.
To vary the content of fixed carbon in the sample, SH coal, which is categorized as anthracite coal, Y coal, which is categorized as brown coal and woody biomass are selected. Proximate and ultimate analyses of those samples are shown in Table 1 . SH coal has a characteristic of high fuel ratio and low H/C mol ratio. The woody biomass has a characteristic of low fuel ratio and high H/C mol ratio. 
Determination of Experimental Condition
The optimum gasification temperature was determined by chemical equilibrium calculations prior to the actual gasification experiments. The calculation conditions are fitted with the experimental conditions. The mol ratio between the gasification agent of CO 2 and the carbon content in the sample is kept at 1.2. The HSC Chemistry software is used in this calculation. Such elements as C, H, O, S, Na and K are considered in the calculation.
Figures 3(a) and (b) show the calculation results of fraction of the main gasified gas species and sulfur species against the temperature for SH coal, respectively. From Fig. 3(a As the H/C mol ratio of biomass is higher than that of SH coal, the CO concentration for the biomass is lower than that for SH coal. These results suggest that H 2 /CO composition in the gasified gas can be controlled by varying the sample kind with different carbon content or by adopting co-gasification of coal with biomass.
(a) Fraction of main gasified gas species (b) Fraction of sulfur species Fig. 3 Results of chemical equilibrium calculation for SH coal From Fig. 3(b) , the sulfur in the coal is converted into H 2 S and COS at the temperature below 1173K. At the temperature higher than 1173K, the sulfur compounds react with the alkali metal to form Na 2 S, K 2 S and K 2 SO 4 as the condensation phase. From this result, the desulfurization reaction can also be possible by the alkali carbonates. Table 2 shows properties of several alkali metal compounds. Na 2 S, K 2 S and K 2 SO 4 have higher melting point than that of the eutectic salt. Density of Na 2 S and K 2 S is lower, whereas K 2 SO 4 is higher than that of the eutectic salt. Therefore, the condensed Na 2 S and K 2 S would be enriched in the upper region of the molten carbonates. Based on these calculation results, the optimum temperature for the gasification and desulfurization should be 1173K, which is higher than the melting point of 43 mol% Na 2 CO 3 -57 mol% K 2 CO 3 . Thus, the experimental condition was set up as shown in Table 3 .
Experimental Results and Discussion

Fundamental Characteristic of Gasification
Figures 4(a) and (b) show the main products for SH coal and biomass during gasification, respectively. According to Fig. 4(a) , the main products for SH coal are CO and H 2 . Their concentrations become stable after 60 min. The CO concentration is lower than Table 2 Properties of alkali metal compounds that obtained by the chemical equilibrium calculation. As the coal used is categorized as an anthracite, which is difficult to gasify, and the residence time in the gasifier is about 2 seconds, it will be hard to complete gasification. This result was proved by the fact that there were abundant carbonaceous residues on the surface of molten alkali carbonates. On the other hand, the H 2 concentration is a little bit higher than that obtained by chemical equilibrium calculation. This will be caused by a decrease of CO concentration in the gasified gas. As another reason, the equilibrium calculation suggested that the molten alkali carbonates might react with H 2 to form NaOH and KOH. For the biomass sample shown in Fig. 4(b) , the main products are also CO, H 2 and CH 4 . The concentrations of main gas become stable at 15 min after introducing the sample. This is because the biomass has higher reactivity compared to SH coal. Calculating the carbon balance, however, carbon in the biomass could not be entirely gasified. Furthermore, both CO and H 2 concentrations in the gasified gas become lower than those obtained by the equilibrium calculation. As 4 vol. % of CH 4 is actually generated in the experiments, loss of the carbon balance and the difference between the experimental and calculation results will be caused by CH 4 and tar vapor formation, which are not gasified in the reactor. Figure 5 displays the concentration of sulfur compounds in the gasified gases for SH and Y coals. From this figure, H 2 S and COS concentrations for both the coals become lower than 1 ppm, which is an approved value for the MCFC. The following desulfurization reactions occur in the gasifier.
Desulfurization Characteristic by Molten Carbonates
(2) (M: Alkali metals, Na or K) Based on this result, the desulfurization efficiency attains almost 99%. Therefore, the molten alkali carbonates can desulfurize even at high temperature sufficiently. 
Characteristic of Co-gasification of Coal with Biomass
The synthesis gas will be utilized for not only the fuel for gas turbines or fuel cells, but also the materials for methanol or dimethyl ether production (8) . For the latter purpose, it is necessary to control the compositions of CO and H 2 in the synthesis gas. If the fuel is designed, in principle, the compositions of synthesis gas must be determined under the condition of CO 2 gasification. Therefore, changing the gasification agents from CO 2 hydrogen content can control the gaseous compositions in the gasified gas. Figure 6 shows the correlation between hydrogen content in the fuel, which includes hydrogen in the moisture, and the H 2 concentration, which contains formation of CH 4 as 2H 2 , in the gasified gases under the coal, biomass and co-gasification conditions. From this figure, the H 2 formation increases with an increase of the hydrogen content in the fuels. These results suggest that the co-gasification can control the compositions of synthesis gas. Figure 7 shows the correlations between the volatile matter content in the fuels and CH 4 concentration and between the fixed carbon content in the fuels and CO concentration in the gasified gas. From this figure, CH 4 and CO concentrations in the gasified gas clearly relate to the volatile matter and fixed carbon contents in the fuels, respectively. Consequently, the volatile matter and fixed carbon contents in the fuels can become one of the indicators to predict the compositions of gasified gas. 
Gasification Mechanism in the Molten Alkali Carbonates
The gasification mechanisms in the molten alkali carbonates gasifier proposed in this study can be elucidated as Fig. 8 , based on the experimental results obtained. First, the supplied carbonaceous material would adhere to the surface of CO 2 bubbles in the molten alkali carbonates. After that, the gasification occurs to produce CO, H 2 and CH 4 .
For SH coal, which is categorized as an anthracite coal, the dominant reaction will be considered as the reaction between the fixed carbon and CO 2 , since the volatile matter content is relatively lower. Due to the short residence time and lower reactivity with the coal for the gasification, the un-reacted carbon is remained on the molten alkali carbonates. For the biomass, which contains higher volatile matter, the volatile matter evolves fast. Therefore, the gaseous species concentrations become stable just after 2 minutes as shown in Fig. 4(b) . Generally, the volatile matter in both coal and biomass is classified as light and heavy hydrocarbons. The heavy hydrocarbons, which are called tar vapor, evolve slower than the light hydrocarbons like CO, H 2 and CH 4 . The tar vapor will be gasified according to Eq. (3) to produce CO and H 2 (9) .
C m H n + mCO 2 → (n/2)H 2 + 2mCO (3) However, the low CO concentration was recorded during the biomass gasification. This may be caused by reactions of CO with the eutectic salt. 
Conclusion
Fundamental characteristic of gasification and desulfurization for various carbonaceous materials were studied. The results obtained are summarized below. 1) The main compositions in the gasified gases are CO, H 2 and CH 4 .
2) The concentrations of H 2 S and COS in the gasified gas become lower than 1 ppmv.
Therefore, the molten alkali carbonates can desulfurize completely even at high temperature.
3) The fuels with higher content of fixed carbon form higher concentration of CO. The fuels with lower content of fixed carbon produce higher CH 4 concentration in the gasified gas. 4) The gasified gas compositions can be controlled by changing the mixing ratio of coal with biomass.
